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The formation of bulk metallic glasses (BMGs) and their room temperature mechanical
properties have been investigated in a serial of Ni65−xZr20Nb15Pdx (x  0∼15; at.%)
quaternary alloys, which are hopefully hydrogen-permeation materials. The partial
substitution of Ni with Pd in Ni65Zr20Nb15 alloy has proved to be effective in
improving glass-forming ability (GFA) and thermal stability. In particular, good
BMG-forming compositions were revealed within the Pd content range of
2.5–12.5 at.%, and BMG rods of 3 mm in diameter were successfully made at
compositions Ni57.5Zr20Nb15Pd7.5 and Ni55Zr20Nb15Pd10 by copper mold casting.
The addition of Pd enhanced the thermal stability of the supercooled liquid. With an
increase of Pd content, the supercooled liquid span, Tx  Tx − Tg, increased from
29 K at Ni65Zr20Nb15 to 47 K at Ni52.5Zr20Nb15Pd12.5. The Pd-bearing BMGs
exhibited high fracture strength, which ranged from 2750 to 2850 MPa. These
Pd-bearing BMGs showed a certain degree of toughness, and the highest plastic
strain, about 2%, was reached in the Ni60Zr20Nb15Pd5 BMG.
I. INTRODUCTION
The course of bulk metallic glasses (BMGs) has ad-
vanced since the pioneering work of Inoue and co-
workers1 and of Johnson and co-workers.2 Continuing
research endeavors have led to discovery of BMGs in a
wide variety of alloy systems that are characterized pri-
marily by complex multicomponent chemistry.3,4 These
advanced alloys have attractive engineering properties,
such as good corrosion resistance and high strength. Me-
tallic glasses have also long been attractive as hydrogen-
separation membranes, as they are associated with a
more-open atomic structure than their crystalline coun-
terparts.5 Recently there appeared an interesting account
that Ni–Zr-based Ni–Zr–Nb metallic glasses exhibited
high hydrogen permeabilities.6–8 Such new Ni-based al-
loys give rise to the possibility of application as dense
metal membranes for hydrogen separation and purifica-
tion.5,9
Metallic glasses may deliver catalytic activities due to
their unique surface electron structures, while hydrogen
trapping can be highly composition-sensitive.5 The
hydrogen diffusivity of metallic glass is also dependent
upon composition and short-range structure.5,8 The effect
of additional elements—e.g., Al, Co, Cu, P, Pd, Sn, Ta,
and Ti—to Ni–Zr–Nb metallic glasses has proved to be
reasonably successful in hydrogen permeation.9 The
compositional dependence of hydrogen permeability,
however, has to be balanced with glass-forming ability,
the latter being an even more compositional-sensitive
parameter. The alloying effects of these elements on
BMG formation remain largely unstudied.10 Ni-based
BMG-forming compositions are known to be relatively
scarce in comparison with Zr-based BMGs, which are
readily available within a wide composition zone in a few
multicomponent systems.3,4 A complex BMG-forming
composition, namely Ni65Nb5Cr5Mo5P14–16B4–6, was
first reported, while BMG rods of only 1 mm in diameter
were reached at this composition via copper mold
casting.11 Higher glass-forming abilities (GFAs) have
been obtained in several other complex systems.12–15
Metalloid-free Ni-based alloys exhibit inferior GFAs,
and the largest critical casting diameters for BMG for-
mation have not yet surpassed 5 mm.16 It is therefore
worth exploring the high-order compositions of Ni–Zr–
Nb alloys associated with improved GFA. On the other
hand, metallic glasses are thermodynamically meta-
stable, and atomic transport tends to occur when the alloy
is heated up above the glass transition temperature (Tg).
This may limit the application of these metallic glasses to
low-temperature hydrogen-separation processes. Ni–Zr–
Nb metallic glasses exhibited limited supercooled liquid
spans Tx (Tx  Tx − Tg),
17 where Tx is the onset
crystallization temperature of metallic glass, indicating
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the limited thermal stability of their supercooled liquids
against crystallization. Considerable room thus also re-
mains in improving the thermal stability of these glassy
alloys by addition of favorable other elements.
In the present investigation, we selected Ni65Zr20Nb15
and Pd as the basic composition and the alloying ele-
ment, respectively, to construct a Ni-based quaternary
system. In particular, the GFA and the thermal stability
of the serial alloys, namely, Ni65−xZr20Nb15Pdx (x 
0–15; at.%), will be investigated. The room temperature
mechanical properties of the BMG samples under uni-
axial compression will also be studied. The objective of
this study is to develop Ni-based glassy alloys associated
with enhanced GFA, thermal stability, and good me-
chanical properties.
II. EXPERIMENTAL
Alloy buttons of Ni65−xZr20Nb15Pdx (x  0, 2.5, 5,
7.5, 10, 12.5, and 15; at.%) alloys were first prepared by
arc melting the mixtures of pure constituent elements
under a Ti-gettered argon atmosphere. The purities of
metals are 99.5 wt% for Zr, 99.99 wt% for Pd, and
99.9 wt% for Ni and Nb, respectively. The alloy ingots
were remelted four times to ensure composition homo-
geneity. Using these prealloys, ribbon samples with a
cross section of about 0.05 × 1.0 mm2 were produced
using a single roller melt-spinning apparatus at a wheel
surface velocity of 40 m/s. Alloy rods were made by
means of injection copper mold casting.
X-ray diffraction (XRD) for phase identification was
conducted on a Rigaku RINT-Ultima III sp diffractom-
eter (Cu K,   0.15406 nm; Rigaku Corp., Tokyo,
Japan). A TA-DSC Q100 (TA Instruments, Twin Lakes,
WI) differential scanning calorimeter (DSC) and a TA-
STD Q600 apparatus for differential thermal analysis
(DTA) were used to study the thermal stability of glassy
alloys. Heating rates in DSC and DTA measurements
were 40 and 20 K/min, respectively. Cylindrical speci-
mens with dimensions of 2.0 ± 0.03 mm in diameter and
4.0 ± 0.05 mm in length were made for room temperature
uniaxial compression test. Quasistatic loadings were car-
ried out at a strain rate of 5 × 10−4 s−1 with an Instron
testing machine (Instron, Norwood, MA), and a strain
gauge was attached to the compression specimens for
strain measurement. After compression tests, the fracture
morphologies of the broken samples were observed with
a scanning electron microscope (SEM).
III. RESULTS AND DISCUSSION
A. Thermal stability
XRD identified that all the melt-spun samples were
glassy. Their DSC traces are shown in Fig. 1(a). The
measured glass transition temperature (Tg) and onset
crystallization temperature (Tx) data are summarized in
Table I. Tg, Tx, and Tx versus Pd content plots are
shown in Fig. 1(b). The Tg–Pd content plot shows a
slightly declined slope, while the glass transition ap-
pears to be more distinct due to Pd addition. Tx under-
went only subtle changes (less than several Kelvin), and
the Tx–Pd content plot manifests as nearly a straight line
within a range of 0–12.5 at.% Pd. As shown in the Tx–
Pd content plot, addition of Pd leads to generally in-
creased thermal stability of their supercooled liquids. The
basic metallic glass exhibits a Tx span of 29 K. With
addition of Pd, a Tx maximum of about 47 K was
reached at the composition containing 12.5 at.% Pd. Ad-
dition of Pd to the basic metallic glass was effective in
stabilizing its supercooled liquid, and the crystallization
resistance of the Pd-bearing metallic glasses was en-
hanced.
FIG. 1. (a) DSC traces of the melt-spun Ni65−xZr20Nb15Pdx (x 
0–15 at.%) alloys at the heating rate of 40 K/min; (b) Pd concentration
dependence of glass transition temperature Tg, onset temperature of
crystallization Tx, and supercooled liquid region, Tx  Tx − Tg of
these melt-spun Ni65−xZr20Nb15Pdx glassy alloys.
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B. Glass-forming ability
The melting behavior of these melt-spun samples was
studied by DTA. As shown in Fig. 2(a), these samples
exhibit multiple-step melting processes. The melting
temperature (Tm) and the liquidus temperature (Tl) data
are also summarized in Table I. The equilibrium melting
temperature was found to be depressed due to Pd addi-
tion. The liquidus temperature, however, exhibits a com-
plex variation, which may be attributed to the altered
crystallization products of Pd-containing metallic
glasses.
With these measured temperature data, the GFAs of
these metallic glasses were assessed using the well-
recognized indicators, Trg (defined by Tg/Tl
18), Tx,
3 and
.19 The calculated indicator values were summarized in
Table I, and their variation tendencies versus Pd content
are shown in Figs. 1(b) and 2(b). The two GFA of Tg/Tl
and  indictors give a consistent indication that good
GFAs are expected at the alloy compositions contain-
ing about 7.5–10 at.% Pd. The prediction was then ex-
amined through the critical BMG diameter obtained by
casting experiments. Alloy rods of gradually increasing
diameter were made at these compositions. A selection of
XRD patterns of these bulk samples is shown in Fig. 3.
The Ni65Zr20Nb15 base alloy has poor GFA, and its
2-mm diameter rod is composed mostly of crystalline
phases. The critical BMG formation diameters of
Ni65−xZr20Nb15Pdx (x  2.5 and 5) alloys increase to
about 2 mm. The alloys containing 7.5 and 10 at.% Pd
exhibited the largest critical casting diameters, about
3 mm. GFA deceased upon further Pd addition, and at
15 at.% Pd, the 2-mm diameter alloy rod was partially
crystallized. The casting experimental evidence con-
firmed the predictions of Trg and  in the present alloy
system.
C. Room temperature compression test
Successful preparation of BMG samples of these
quaternary alloys renders the conventional mechani-
cal property tests possible. Uniaxial compression tests
were conducted for the 2-mm diameter samples of
Ni65−xZr20Nb15Pdx (x  2.5, 5, 7.5, 10, and 12.5; at.%)
alloys. Their stress–strain curves are shown in Fig. 4.
TABLE I. Thermal analysis data of melt-spun Ni65−xZr20Nb15Pdx
(x  0–15 at.%) ribbons; critical diameters of BMG formation for












(K) Tg /Tl 
Dc
(mm)
0 876 905 29 1381 1462 0.599 0.387 <1
2.5 867 906 39 1368 1448 0.599 0.391 2
5 873 907 34 1353 1453 0.601 0.390 2
7.5 870 907 37 1351 1427 0.610 0.395 3
10 864 907 43 1349 1419 0.609 0.397 3
12.5 861 908 47 1352 1450 0.594 0.393 2.5
15 859 900 41 1352 1482 0.580 0.384 <1.5
Tg, glass transition temperature; Tx, onset temperature of the crystallization
peak; Tx  Tx − Tg supercooled liquid region; Tm, onset temperature of
melting; Tl, liquidus temperature; Trg ( Tg /Tl), reduced glass transition
temperature;   Tx/(Tg + Tl); Dc, critical diameter size for BMG forma-
tion.
TABLE II. Mechanical properties of newly developed Ni-based
Ni65−xZr20Nb15Pdx (x  2.5–12.5 at.%) BMGs from the present work.
BMG alloy
(in at.% Pd) c,f (MPa) e (%) p (%) E (GPa)
2.5 2850 ∼1.9 ∼0.5 ∼150
5 2810 ∼1.9 ∼2.0 ∼148
7.5 2780 ∼1.9 ∼1.5 ∼146
10 2770 ∼1.9 ∼1.0 ∼146
12.5 2750 ∼1.9 ∼0.5 ∼145
c,f, compression fracture strength; e, elastic deformation limit; p, plastic
elongation; E, Young’s modulus.
FIG. 2. (a) DTA traces of the Ni65−xZr20Nb15Pdx (x  0–15 at.%)
alloys; (b) Pd concentration dependence of reduced glass transition
temperature parameters, Trg  Tg/Tl and   Tx/(Tg + Tl) of the
Ni65−xZr20Nb15Pdx glassy alloys.
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Regardless of different Pd contents, these BMGs undergo
a nearly constant elastic strain of about 1.9%. The
Young’s modulus values are almost the same, lying in
the range of about 145–150 GPa. These BMGs were
revealed to be high-strength alloys, and compression
strength ranged from 2750 to 2850 MPa (see Table II).
These BMGs exhibit a distinct plastic deformation stage
before abrupt failure, which is characterized by strain
softening rather than strain hardening as usually seen in
crystalline materials. This indicates a certain degree of
toughness of these BMGs. The largest plastic strain oc-
curred at the BMG composition with 5 at.% Pd. Multiple
shear bands and shear steps are clearly seen on the cy-
lindrical surface of the fractured specimens [Fig. 5(a)].
The fracture surface morphologies are characterized by
vein patterns [Fig. 5(b)]. These morphologies are known
to be typical for tough BMGs.3,4
D. Alloying effect of Pd
The making of such a quaternary system was attrib-
uted to some qualitative suggestions for BMG forma-
tion.3 Additional element Pd has strong negative heats
of mixing with Zr (HZr1Pd1  −91 kJ/mol) and Nb
(HNb1Pd1  −53 kJ/mol),
20 respectively. Ni and Pd
belong to the same subgroup in the periodic table and
have a zero heat of mixing. Addition of Pd is expected to
cause significant changes in the local environments of Zr
and Nb of the Ni65Zr20Nb15 metallic glass. In a purely
geometrical consideration, Pd and Ni have different
Goldschmidt radii, 0.133 nm for Pd and 0.125 nm for
Ni.21 Partial substitution of Ni with Pd is expected to
make more complex atomic size mismatches. The em-
pirical composition design strategy aims at increasing the
energy barrier height for atomic motion in the super-
cooled liquid.3 The higher the barrier height, the more
difficult would be the metallic glass to crystallize. The
extended Tx in the Pd-bearing metallic glasses seems to
FIG. 3. XRD patterns of the as-cast Ni65−xZr20Nb15Pdx (x  0−15 at.%)
alloy rods.
FIG. 4. Room-temperature compressive stress–strain curves of the
as-cast Ni65−xZr20Nb15Pdx (x  2.5–12.5 at.%) glassy rods with diam-
eter of 2 mm under an uniaxial compression testing.
FIG. 5. SEM images of the fractured Ni57.5Zr20Nb15Pd7.5 glassy
rod: (a) shear bands on sample surface; and (b) fracture surface mor-
phology showing characteristic vein pattern.
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be attributed to the qualitative reasons. On the other
hand, because the energy barrier height accounts for the
correlated atomic motion, it is fundamentally related not
only to a cohesive energy but also to the short-range
order of supercooled liquid. When the temperature is
lowered, constituent atoms in the supercooled liquid ad-
just their positions to achieve the deeper potential
minima cooperated with liquid cooling. The process is
associated with configurational degeneracy, which
causes thermal excitations. Therewith, the more distinct
glass transition, as observed in the Pd-bearing metallic
glass, may be due to the more difficult atomic structure
rearrangements to crystalline configurations. Altogether,
the Pd-alloyed metallic glasses would have atomic con-
figurations in the liquid state that are different from those
of their crystalline counterparts, and BMG formation is
easily achieved.
Pd metal has been found to be an active catalyst for
hydrogen dissociation/reassociation and thereby to be
highly permeable to hydrogen.5 Addition of Pd is ex-
pected to be a favorable selection for hydrogen perme-
ation taking its atomic properties into consideration. It is
worth noting that the Pd-bearing BMGs exhibit markedly
plastic deformations. The plastic deformation of metallic
glasses is usually described by the shear transformation
zone model.22 The free volume changes associated with
the changes of the short-range order of metallic glasses
within shear bands have been a central consideration.23
The redistribution of the free volume by forming mul-
tiple shear bands in the BMG samples would account for
the enhanced plastic deformations observed in these Pd-
bearing BMGs. High free volume concentration of glassy
phase might be favorable for hydrogen transport in these
metallic glasses. Further investigation into the hydrogen
diffusivity of these metallic glasses is then desirable. The
performance of such BMG-forming alloys as a “hydro-
gen membrane” is being examined in ongoing work, and
results will be reported elsewhere. These tough and
stable Pd-bearing BMGs are—hopefully—useful hydro-
gen membrane materials.
IV. SUMMARY
In the serial quaternary alloys, namely, Ni65−xZr20
Nb15Pdx (x  0, 2.5, 5, 7.5, 10, 12.5, and 15; at.%), BMG
formation occurred within the Pd content range of 2.5–
12.5 at.%, and glassy rods of at least 2 mm in diameter were
successfully made at these compositions by means of cop-
per mold casting. Addition of Pd also enhanced the thermal
stability of their supercooled liquids. With an increase of
Pd content, the supercooled liquid span, Tx  Tx − Tg,
gradually increased from 29 K (x  0 at.%) to 47 K
(x  12.5 at.%). The significant alloying effect of Pd,
which has strong negative heats of mixing with Zr and Nb,
was qualitatively attributed to the stabilization of the atomic
structure in the liquid state, and to the enhanced crystalli-
zation resistance. The Pd-bearing BMGs were high-
strength bulk alloys showing strength values that ranged
from 2750 to 2850 MPa. Room temperature uniaxial com-
pression tests revealed a certain degree of toughness in
these Pd-bearing BMGs, and the largest plastic strain, about
2%, was reached in the Ni60Zr20Nb15Pd5 alloy. These
strong and tough Ni-based BMG alloys are expected to find
uses as hydrogen-permeation materials.
ACKNOWLEDGMENTS
This work was financially supported by a Grant-in-Aid
for Young Scientists (B) and Research and Development
Project on Advanced Metallic Glasses, Inorganic Mate-
rials and Joining Technology from the Ministry of Edu-
cation, Science, Sports and Culture of Japan.
REFERENCES
1. A. Inoue, T. Zhang, and T. Masumoto: Al–La–Ni amorphous
alloys with a wide supercooled liquid region. Mater. Trans., JIM
30, 965 (1989).
2. A. Peker and W.L. Johnson: A highly processable metallic glass:
Zr41.2Ti13.8Cu12.5Ni10.0Be22.5. Appl. Phys. Lett. 63, 2342 (1993).
3. A. Inoue: Stabilization of metallic supercooled liquid and bulk
amorphous alloys. Acta Mater. 48, 279 (2000).
4. W.H. Wang, C. Dong, and C.H. Shek: Bulk metallic glasses.
Mater. Sci. Eng., R 44, 45 (2004).
5. M.D. Dolan, N.C. Dave, A.Y. Ilyushechkin, L.D. Morpeth, and
K.G. McLennan: Composition and operation of hydrogen-
selective amorphous alloy membranes. J. Membr. Sci. 285, 30
(2006).
6. S. Hara, K. Sakaki, N. Itoh, H-M. Kimura, K. Asami, and
A. Inoue: An amorphous alloy membrane without noble metals for
gaseous hydrogen separation. J. Membr. Sci. 164, 289 (2000).
7. S. Yamaura, S. Nakata, H. Kimura, Y. Shimpo, M. Nishida, and
A. Inoue: Hydrogen permeation of the melt-spun Ni–X–Zr amor-
phous membranes. Mater. Trans. 46, 1768 (2005).
8. S. Yamaura, M. Sakurai, M. Hasegawa, K. Wakoh, Y. Shimpo,
M. Nishida, H. Kimura, E. Matsubara, and A. Inoue: Hydrogen
permeation and structural features of melt-spun Ni–Nb–Zr amor-
phous alloys. Acta Mater. 53, 3703 (2005).
9. S. Yamaura, Y. Shimpo, H. Okouchi, M. Nishida, O. Kajita, and
A. Inoue: The effect of additional elements on hydrogen perme-
ation properties of melt-spun Ni–Nb–Zr amorphous alloys. Mater.
Trans. 45, 330 (2004).
10. J.B. Qiang, W. Zhang, and A. Inoue: Formation and thermal sta-
bility of Ni-based bulk metallic glasses in Ni–Zr–Nb–Al system.
Mater. Trans. 48, 2385 (2007).
11. X.M. Wang, I. Yoshii, A. Inoue, Y.H. Kim, and I.B. Kim: Bulk
amorphous Ni75−xNb5MxP20−yBy (M  Cr, Mo) alloys with large
supercooling and high strength. Mater. Trans., JIM 40, 1130
(1999).
12. S. Yi, T.G. Park, and D.H. Kim: Ni-based bulk amorphous alloys
in the Ni–Ti–Zr–(Si,Sn) system. J. Mater. Res. 15, 2425 (2000).
13. W. Zhang and A. Inoue: Formation and mechanical properties of
Ni-based Ni–Nb–Ti–Hf bulk glassy alloys. Scr. Mater. 48, 641
(2003).
14. H. Choi-Yim, D.H. Xu, and W.L. Johnson: Ni-based bulk metallic
J.B. Qiang et al.: Formation and compression mechanical properties of Ni–Zr–Nb–Pd bulk metallic glasses
J. Mater. Res., Vol. 23, No. 7, Jul 20081944
glass formation in the Ni–Nb–Sn and Ni–Nb–Sn–X (X  B, Fe,
Cu) alloy systems. Appl. Phys. Lett. 82, 1030 (2003).
15. A.P. Wang and J.Q. Wang: A topological approach to design
Ni-based bulk metallic glasses with high corrosion resistance.
J. Mater. Res. 22, 1 (2007).
16. D. Xu, G. Duan, W.L. Johnson, and C. Garland: Formation and
properties of new Ni-based amorphous alloys with critical casting
thickness up to 5 mm. Acta Mater. 52, 3493 (2004).
17. H.M. Kimura, A. Inoue, S. Yamaura, K. Sasamori, M. Nishida,
Y. Shimpo, and H. Okouchi: Thermal stability and mechanical
properties of glassy and amorphous Ni–Nb–Zr alloys produced by
rapid solidification. Mater. Trans. 44, 1167 (2003).
18. Z.P. Lu, H. Tan, Y. Li, and S.C. Ng: The correlation between
reduced glass transition temperature and glass forming ability of
bulk metallic glasses. Scr. Mater. 42, 667 (2000).
19. Z.P. Lu and C.T. Liu: A new glass-forming ability criterion for
bulk metallic glasses. Acta Mater. 50, 3501 (2002).
20. F.R. De Boer, R. Boom, W.C.M. Mattens, A.R. Miedema, and
A.K. Niessen: Cohesion in Metals (Elsevier, Amsterdam, 1989),
p. 224.
21. Japan Institute of Metals: Metals Databook, edited by Japan In-
stitute Metals (JIM, Maruzen, Tokyo, 1983), p. 8.
22. A.S. Argon: Plastic deformation in metallic glasses. Acta Metall.
27, 47 (1979).
23. C.A. Schuh, T.C. Hufnage, and U. Ramamurty: Mechanical be-
havior of amorphous alloys. Acta Mater. 55, 4067 (2007).
J.B. Qiang et al.: Formation and compression mechanical properties of Ni–Zr–Nb–Pd bulk metallic glasses
J. Mater. Res., Vol. 23, No. 7, Jul 2008 1945
